Equilibrium phase relationships in the ZnO-In 2 O 3 system were determined between 1100°and 1400°C using solidstate reaction techniques and X-ray diffractometry. In addition to ZnO and In 2 O 3 , nine homologous compounds, Zn k In 2 O k+3 (where k = 3, 4, 5, 6, 7, 9, 11, 13, and 15), were observed. Electrical conductivity and diffuse reflectance of the k = 3, 4, 5, 7 and 11 members were measured before and after annealing at 400°C for 1 h under forming gas (4% H 2 -96% N 2 ). Room-temperature conductivity increased as k decreased, because of increased carrier concentration as well as increased mobility. In general, transparency in the wavelength range of 450-900 nm increased as k increased. Reduction in forming gas resulted in increased conductivity and reduced transparency for all compounds measured. The highest room-temperature conductivity measured, 270 S/cm, was that of reduced Zn 3 In 2 O 6 .
I. Introduction
T RANSPARENT conducting oxides, or TCOs, are widely used as transparent electrodes for flat panel displays and solar cells. Commercial, thin-film tin-doped indium oxide, or ITO, exhibits a conductivity of 1000-5000 S/cm and an optical transparency of 85%-90%. 1 Nevertheless, alternative materials with higher conductivity, better transparency at blue-green wavelengths, and lower cost are desired. There have been several recent reports of thin-film TCOs in the ZnO-In 2 O 3 system, demonstrating that high transparency and high conductivity can be achieved for a wide range of film compositions. Wang et al. 2 reported conductivities as high as 1100 S/cm for sputtered ZnO films containing <5 at.% indium. 2 Minami and coworkers 3, 4 reported conductivities as high as 2900 S/cm for Zn 2 In 2 O 5 films sputtered from polycrystalline targets containing 10-60 at.% zinc. In studies of pulse-laser-deposited tindoped films, Phillips et al. 5 reported conductivities as high as 2500 S/cm for films with a Although nonequilibrium conditions often exist during thinfilm deposition, knowledge of equilibrium phase relationships and bulk, physical properties of stable phases can be helpful in interpreting and directing thin-film work. Although it is well documented that ZnO and In 2 O 3 react to form several stable compounds, a complete phase diagram of the ZnO-In 2 O 3 system has not been reported. Furthermore, there are few reports regarding the electrical and optical properties of ZnO-In 2 O 3 phases. In this study, we present the ZnO-In 2 O 3 phase diagram for 1100°-1400°C. We also characterize the electrical and optical properties of five ZnO-In 2 O 3 phases to investigate the compositional dependency of properties important for TCO applications. ZnO 10 reported conductivities ranging from 0.0001 to 30 S/cm. Ohta et al. 11 reported that Zn k In 2 O k+3 (k ‫ס‬ 5, 7, and 9) are also n-type semiconductors, with conductivities on the order of 100-300 S/cm at 227°-727°C. Phillips et al. 5 reported a room-temperature conductivity of ∼550 S/cm for bulk, reduced Zn 3 In 1.975 Sn 0.025 O 6 .
II. Experimental Procedure
A series of compositions were prepared from In 2 O 3 and ZnO powders (>99.9% purity, on a cation basis, Aldrich Chemical Co., Milwaukee, WI). Weighed amounts of the dried starting powders were ground together with a mortar and pestle, to provide a series of samples with integral Zn:In ratios ranging from 1 to 15. The mixed powder was calcined at 1000°C overnight in air and then reground. Pellets pressed from this powder were heated in covered high-density alumina crucibles. The grinding and heating steps were repeated as necessary to attain equilibrium, as determined by X-ray diffractometry (XRD). The total heating times were 7-10 days at Յ1100°C, 7 days at 1101°-1249°C, 5 days at 1250°C, 4 days at 1251°-1300°C, and 3-4 days at Ն1300°C. Each pellet was sandwiched between sacrificial pellets or surrounded by powder of the same composition, to minimize contamination from the alumina crucible and to inhibit vaporization of ZnO during firing. Weight loss during firing was typically <0.8%. After heating at the desired temperature, the samples were removed from the furnace at temperature and cooled in ambient air, resulting in room-temperature pellets in ∼20 min. The phase composition was determined by powder XRD (Scintag, Santa Clara, CA) using CuK␣ radiation (40 kV, 20 mA). Commercial software (Scintag) was used to remove the background and CuK␣ 2 contributions from the diffraction patterns.
Electrical conductivity and diffuse reflectance of sintered pellets were measured before and after reduction in forming gas (4% H 2 -96% N 2 ) at 400°C for 1 h. The Zn k In 2 O k+3 pellets used for these tests were reacted/sintered at 1400°C and had relative densities near 50% of theoretical. For comparison to the homologous compounds, ZnO and In 2 O 3 pellets were also examined. The In 2 O 3 , sintered at 1400°C, was similar to the homologous compounds, in terms of density and color. ZnO sintered at 1400°C was black, indicating severe reduction, and had a density that was >95% of the theoretical density. Sinter- 
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ing at 800°C for 15 min provided a ZnO pellet with a relative density similar to that of the homologous compounds. The room-temperature electrical conductivity was measured with a linear four-point probe using a current source and voltmeter (Models 225 and 197, Keithley Instruments, Cleveland, OH). Excitation currents ranged from 100 nA to 10 mA. The conductivity was calculated as
where is the conductivity, the resistivity, V the voltage, I the current, w the pellet width, d the pellet diameter, and s the electrode spacing; C(d/s) and F(w/s) are correction factors that account for sample geometry and finite thickness, respectively. 12 The room-temperature Hall effect and conductivity measurements of the reduced Zn k In 2 O k+3 compounds were made on rectangular, bar-shaped samples cut from the reduced pellets. Electrical contacts to the bars were prepared with small indium dots. Gold sample leads (60 or 25 m in diameter) were bonded to the indium contacts with silver paste. The Hall measurements used magnetic flux densities of ∼8000 G (0.8 T) and measurement currents of 0.1-2.0 mA, depending on the sample response. All voltages were measured using a nanovoltmeter (Model 182, Keithley). The conductivity values measured for the bar-shaped samples agreed within 20% of those determined by the linear four-point probe. To account for the variation in the densities among the measured samples, carrier concentration and conductivity values were divided by the relative density of the corresponding sample. Therefore, the conductivities reported in this paper are roughly 2 times larger than the actual measured values.
Diffuse reflectance was measured from 200 to 900 nm using a double-beam spectrophotometer with integrating sphere (Model Cary 1E with Cary 1/3 attachment, Varian, Palo Alto, CA). Baseline spectra were collected with pressed polytetrafluoroethylene (PTFE) powder compacts (Varian Part No. 04-101439-00) placed in the sample and reference beams. Sample measurements on as-fired and as-annealed pellets, with no further surface preparation, were made in reference to the PTFE standards. Figure 1 shows the phase diagram of the ZnO-In 2 O 3 system, from 1100°to 1400°C. The phase diagram is similar to the Ga 2 O 3 -TiO 2 system, which also contains several homologous compounds. 13 In accordance with the equilibrium phase rule, the diffraction patterns used to construct this diagram showed only one or two phases, as summarized in Table I . In addition to ZnO and In 2 O 3 , nine homologous compounds, summarized in Table II , were detected. The lower limit of temperature stability (T low ) (Table II) is given as the midpoint between the lowest firing temperatures at which the corresponding compound was observed and the highest firing temperature at which the corresponding compound did not form. The large uncertainty shown for T low in Table II results from the temperature intervals used in this study, typically 15°-25°C. To confirm that the small number of compounds observed at the lowest temperatures was not due to kinetic limitations of the In 2 O 3 -ZnO reaction, Zn 3 In 2 O 6 samples were annealed at 1100°a nd 1250°C, for 3 weeks and 1 week, respectively, resulting in partial decomposition, which is consistent with the phase relationships shown in Fig. 1 .
III. Results and Discussion
In Fig. 1 , line compounds, rather than regions of solid solution, are shown, because the lattice parameters measured for the homologous compounds in the biphasic mixtures were 
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identical, within experimental uncertainty, to those of the corresponding single-phase materials. Wang et al. 10 reported that up to 0.45 at.% indium is incorporated in ZnO processed at 1200°C. Considering the structural similarity between the homologous compounds and ZnO, we recognize that narrow regions of solid solution may exist.
The diagram shown in Fig. 1 Figure 2 shows the XRD patterns obtained for compositions heated at 1400°C. For higher-order members of the series, the peak overlap in the interval 32°Յ 2 Յ 40°makes it somewhat difficult to distinguish between successive members of the homologous series. Nevertheless, from the X-ray patterns, we are confident that the sample prepared with a Zn:In ratio of 8:2 consists of Zn 7 In 2 O 10 and Zn 9 In 2 O 12 and that the sample prepared with a Zn:In ratio of 10:2 consists of Zn 9 In 2 O 12 and Zn 11 In 2 O 14 . Although the diffraction pattern of the sample prepared with a Zn:In ratio of 95:5 (k ‫ס‬ 38) is consistent with a biphasic mixture of ZnO and Zn 15 In 2 O 18 , the presence of higher-order members of the Zn k In 2 O k+3 series would be almost impossible to detect with the XRD technique used in this study. Therefore, additional homologous members with k > 15 may be stable at this temperature.
The lattice constants determined in this study, also summarized in Table II , agree well with values reported in the literature.
6-8 Figure 3 shows that the lattice parameter a decreases as k increases, from a ‫ס‬ 3.353 Å for k ‫ס‬ 2 to a value approaching that of wurtzite-type ZnO (a ‫ס‬ 3.250 Å). This trend reflects the increasing influence of the ZnO layers in defining the a-axis of the homologous compounds. To make meaningful comparisons among members of the homologous series, the lattice parameter c is divided by the number of formula units per unit cell (z). Figure 4 shows that the normalized lattice parameter, c/z, increases linearly as k increases, at a rate of 2.6 Å/k, which corresponds to one-half of the lattice constant c of ZnO, i.e., one Zn−O layer.
The color of the Zn k In 2 O k+3 compounds fired at 1400°C ranged from dark yellow-green to light canary yellow with increasing zinc content. The samples calcined at 1100°C were generally lighter than higher-temperature samples, with colors ranging from dark to light yellow with increasing zinc content. Figure 5 shows the diffuse reflectance spectra of Zn k In 2 O k+3 (k ‫ס‬ 3, 4, 5, 7, and 11) prepared at 1400°C before and after reduction. Diffuse reflectance spectra of bulk samples are analogous to transmission spectra of thin samples.
14 All samples exhibit a transition from absorbing behavior at < 400 nm to transmitting (reflecting) behavior at > 450 nm. Based on the onset of diffuse reflection, the band gaps of Zn k In 2 O k+3 (k ‫ס‬ 3, 4, 5, 7, and 11) are estimated to be 2.8-3.0 eV, which is in good agreement with a value of 2.9 eV reported for Zn 2 In 2 O 5 .
3,4 Table III shows that the absorption edge decreases, or the band gap increases, as k increases. Reduction in forming gas results in an increase in the band gap. This phenomenon, known as the Burstein-Moss shift, has been observed in many TCO materials and results from increased carrier concentration. 15 For the as-fired samples, transparency at > 450 nm increases as k increases. For each of the compounds, transparency decreases upon reduction in forming gas. Table III and Fig. 6 show that the electrical conductivity of the Zn k In 2 O k+3 compounds decreases as k increases. Hall effect measurements of the reduced Zn k In 2 O k+3 samples indicate that the decrease in conductivity results from decreased carrier concentration as well as decreased mobility. Reduction in forming gas (low oxygen partial pressure) results in increased conductivity for all the compounds, presumably because of the formation of oxygen vacancies, which serve as electron donors. The effect of reduction on the resulting conductivity increases as k increases for the Zn k In 2 O k+3 compounds. For example, the conductivity of Zn 7 In 2 O 10 increases by more than 2 orders of magnitude on reduction, whereas that of Zn 3 In 2 O 6 is only doubled.
Examination of the similarities and differences among the homologous compounds and parent oxides is the first step toward understanding the defect chemistry of the Zn k In 2 O k+3 materials. Based on the layered structural models proposed for the homologous compounds, we anticipated that the electrical properties would be intermediate between that of In 2 O 3 and ZnO, approaching those of ZnO with increasing k; however, this was not strictly the case. The lowest-order member examined in this work, Zn 3 In 2 O 6 (k ‫ס‬ 3), is similar to In 2 O 3 (k ‫ס‬ 0), in terms of color and conductivity before and after reduction in forming gas (see Fig. 6 ). In the oxidized state, the colors of the homologous compounds become lighter with increasing k, a trend that is consistent with the white color of well-oxidized ZnO (k ‫ס‬ ϱ). However, ZnO sintered at 1400°C (the same temperature used to process the homologous compounds) was black and had a conductivity of ∼10 S/cm, indicating considerable reduction. From this observation, we conclude that, al- though the higher-order Zn k In 2 O k+3 are believed to contain a considerable volume fraction of ZnO-like layers, their susceptibility to reduction at high temperature and ambient atmosphere is lower than that of ZnO. A porous ZnO pellet, sintered at 800°C, was white and insulating, consistent with trends observed for the higher-k members of the homologous series (see Fig. 6 ). However, a significant increase in the conductivity of ZnO was not observed after reduction, as was the case for Zn 11 In 2 O 14 , the highest-order member of the series studied. Continued efforts are underway to understand the defect chemistry of the Zn k In 2 O k+3 compounds, in terms of the layered structure model and the parent compounds. The results of this work provide some insight for developing TCOs based on the Zn k In 2 O k+3 compounds. Although the optical properties desired for TCO applications improve with increasing k, the electrical properties desired for TCO applications improve with decreasing k. Nevertheless, as shown in Fig.   5 , all the homologous compounds examined are superior to bulk ITO (3% tin, processed at 1250°C) insofar as diffuse reflectance (transmittance) is concerned. Of the compounds examined, Zn 3 In 2 O 6 has the highest conductivity, which is an order of magnitude lower than that desired for TCO applications. Hall measurements indicate that this results from a low carrier concentration rather than a low mobility, e.g., the values measured for Zn 3 
ductivity of the Zn k In 2 O k+3 compounds (stabilization of lower-k members, doping with aliovalent cations, and optimized annealing conditions) are currently being explored.
IV. Conclusions
The subsolidus phase diagram for the ZnO-In 2 O 3 system over the temperature range of 1100°-1400°C was presented. In addition to In 2 O 3 and ZnO, nine homologous compounds were observed-Zn k In 2 O k+3 , where k ‫ס‬ 3, 4, 5, 6, 7, 9, 11, 13, and 15. At 1100°C, Zn 5 In 2 O 8 and Zn 7 In 2 O 10 were the only stable compounds other than the component oxides; however, the number of stable compounds increased as the temperature increased. Overall, the temperature ranges of stability determined in this study were in fair agreement with the previously reported literature. [6] [7] [8] The major exception was that the k ‫ס‬ 8 or k ‫ס‬ 10 members of the series were not observed over the temperature range studied.
Trends in electrical conductivity and optical transparency, as functions of k in Zn k In 2 O k+3 , were identified. The electrical conductivity increased as k decreased, as a result of increased carrier concentration as well as increased carrier mobility. For all the compounds examined, reduction in forming gas resulted in increased conductivity; however, the magnitude of the effect increased as k increased. The optical band gap and transparency in the visible region increased as k increased. Reduction in forming gas resulted in decreased transparency and a widening of the band gap (the Burstein-Moss shift).
